Effect of high temperature, biaxial stretching on the thermal and mechanical properties of HDPE/MWCNT sheet

INTRODUCTION
Carbon nanotube (CNT) reinforced polymers are growing rapidly in demand in many application areas including electrostatic dissipation, electronic conductivity, electromagnetic interference shielding etc. [1, 2] . The processing route to produce a product can have an important influence on the structure [3, 4] and final properties [5, 6] and, changes in material thermal and rheological properties due to the addition of nanoparticles can also significantly alter processability [7, 8] . Many polymer products are formed via free surface moulding processes such as stretch blow moulding and thermoforming. In these processes the deformation is essential biaxial elongation so it is important to assess new materials under this deformation regime prior to industrial deployment. The effect of uniaxial stretching on the structure and properties of polymer/CNT composites has been extensively investigated [9, 10, 11] . However, few investigations on the effect of biaxial stretching on polymer/CNT composites have been carried out [1, 12] . In this present study, the high temperature, biaxial stretching of a high density polyethylene (HDPE) based MWCNT nanocomposite is conducted. The influence of MWCNT inclusion on processability is examined and the effect of biaxial deformation on the thermal and mechanical properties of HDPE/MWCNT composites is investigated.
EXPERIMENTAL
Materials
The HDPE (HTA108) used in this study was purchased from ExxonMobil. It has a high intrinsic viscosity (MFI = 0.7g/10min) and a density of 0.961g/cm 3 . The MWCNTs (NC7000), produced via catalytic chemical vapour deposition, were kindly supplied by Nanocyl SA. The purity of the MWCNTs is 90%. The nanotubes have a nominal diameter of 9.5 nm and an average length of 1.5 μm [13] . The density of the MWCNTs is 1.85 g/cm 3 [14] .
Sample preparation
The HDPE pellets were ground into a powder using a Wedco 12'' plant grinder. The HDPE powder was premixed with the MWCNTs using a high speed mixer (PRISM Pilot 3), at a MWCNT loading of 4 wt%. The blends were compounded in a Dr. Collin twin screw extruder ZK 25 with a temperature profile of 175, 220, 220, 215, 210, 200 from zones 1 to 6. The screw speed was set at 150 rpm. The extruded strand was cooled in a water bath and then pelletized. The pellets were compression moulded in a steel mould of 1mm thickness at 200 for 5min using a Dr. Collin P200P platen press machine in order to produce sheet material for biaxial stretching.
Biaxial stretching of the sheets was conducted using the Queen's biaxial stretcher [15, 16] . The samples of dimension 76 mm×76 mm×1 mm were clamped by pneumatic grippers and then heated by hot air blowers for 4 minutes before simultaneously and equi-biaxially stretching. The samples were cooled to room temperature in ambient air at the end of stretching. The stretching parameters used in this study were as follows: stretching temperature: 131 , stretch ratio: 2, 2.5 and 3.0, strain rate: 4/s. Each stretching test was repeated twice, and sample codes for the stretched and compression moulded samples are shown in Table 1 . 
Characterization
Scanning electron microscopy (SEM)
The morphologies and dispersion of MWCNTs in the HDPE matrix were investigated using a JEOL 6500F scanning electron microscope. Cryo-fractured samples were prepared and gold sputtered prior to imaging.
Differential scanning calorimetry (DSC)
A Perkin-Elmer DSC model 6 was used to measure the melting and crystallization behaviour of the HDPE and HDPE/MWCNT composites under an inert nitrogen atmosphere. The samples were heated from 30 to 200 at a heating rate of 10 /min, held at 200 for 3 min, followed by a cooling process from 200 to 30 at a cooling rate of 10 /min. Three runs were conducted for each sample. The enthalpy of fusion of 100% HDPE crystal ( ) was taken as 293 J/g [17] .
Tensile testing
Tensile tests were conducted using an Instron 5564 Universal Tester at room temperature (BS EN ISO 527:1996). The specimens were prepared by cutting samples from the middle of sheets. Tensile modulus was determined using a clip-on extensometer at a crosshead speed of 5 mm/min. Strength and elongation values were taken at a crosshead speed of 50mm/min. Five samples were tested for each sheet and average values were calculated.
RESULTS AND DISCUSSION
Morphology and dispersion
The morphology of pristine MWCNTs and the dispersion of MWCNTs in the HDPE matrix were investigated using a SEM microscope, as shown in Figure 1 . Figure 1 (a) shows how individual MWCNTs tend to form clusters naturally as a result of the strong Van der Waals force. Although the shear force during melt mixing is effective in dispersing the MWCNTs in the polymer, it is not possible to disentangle all the MWCNT clusters. Therefore, both isolated and agglomerated MWCNTs in the matrix can be observed in Figure 1 (b) . Figure 2 shows the biaxial stress-strain curves for the filled and unfilled HDPE sheet stretched to a stretch ratio of 3.0. A higher stretching stress and an obvious yield point can be seen with the addition of MWCNTs during deformation. This peak is not found during the biaxial stretching of iPP/CNT composites in Shen's study [12] . The yield stress of the composites containing 4 wt% MWCNTs increases by 218%, which means the force required to deform the MWCNT filled materials will have to be substantially increased. The increase in yield stress for the filled material may be attributed to restrictions in molecular mobility of molecules due to the presence of the MWCNTs. As stretch ratio increases, the MWCNT composite exhibits strong strain hardening behavior. This is quite different to the behavior of the virgin HDPE which, as expected, shown no strain hardening. This strain hardening will contribute to a more stable deformation process and uniform sheet thickness distribution of the final stretched sheet. 
Effect of MWCNTs on deformation behaviour
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Effect of biaxial stretching on thermal properties
The crystallinity, melting temperature (T m ) and crystallization temperature (T c ) of all samples are shown in Figure 3 . It can be observed that the curves for the stretched samples exhibit evidence of recrystallization. The effect is less pronounced for the composite material. Detailed DSC results are shown in Table ( 2). The results show that the crystallinity of all the stretched samples increases by approximately 13% due to strain induced crystallization. The T m of the biaxially stretched samples increases only slightly. The T c of the compression moulded HDPE/MWCNT sample increases by 2 while it is not substantially affected by biaxial stretching. This means that the composite material can be demoulded earlier than the unfilled material resulting in a somewhat reduced cycle time. 
Effect of biaxial stretching on mechanical properties
Mechanical results are shown in Figure 4 . The modulus of the compression moulded HDPE/MWCNT sheet increases by 112% compared with the pure HDPE while the breaking strength decreases by 40%. At a SR of 2.5, the elastic modulus of the stretched composites increases by 17.6% relative to the virgin HDPE and the breaking strength decreases by 33%. While the elastic modulus and breaking strength of the HDPE/MWCNT samples continues to increase as stretch ratio increases they drop off after a SR of 2.5 for the virgin HDPE. The deterioration in the modulus and breaking strength of the biaxial stretched HDPE sheets at a stretch ratio of 3 may be attributed to molecular relaxation caused by adiabatic heating at high stretch ratios. The presence of nanotubes is likely to prevent this relaxation at high SRs resulting in a consistent improvement in mechanical properties. 
